Abstract. The emerging technique of GPS Radio Occultation has been used to detect the ionospheric irregularities prominent in the F-region known as equatorial plasma bubbles. The plasma bubbles are characterized by depreciated regions of electron density. For investigating the plasma bubbles, a nine-year (2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) long time series of signal-to-noise ratio data are used from the vertical GPS radio occultation profiles. The variation in the signal-to-noise ratio of the GPS signals can be linked 5 to vertical changes in the electron density profiles that mainly occur in line with the irregularities in the Earth's ionosphere.
. Electron density profile (ionPrf product) in conjunction with normalized SNR and derived S4 index (ionPhs product). The purple color line in the plot shows depletion in electron density and corresponding fluctuations in normalized SNR profile and high index values in the S4 plot.
SNR of L1 (1575.42 M Hz) signals, other corresponding attributes such as Universal Time, altitude, latitude and longitude are extracted from the data product and amplitude scintillation index is derived as described by Syndergaard (2006) in Eq. 1.
where S4max9sec denotes the amplitude scintillations over 9 seconds interval, I is the square of the Signal-to-Noise (SNR) ratio of L1 GPS signal, and the brackets stand for average taken over nine seconds. A low pass filter is applied to the time values caused by different gradients of electron density. Additionally, it also highlights low S4 index values during day and high scintillation values during night resulting from plasma instabilities caused by rapid depletion of E-region post sunset.
During 2014 altogether about 0.5 million profiles were retrieved, out of which only 6,130 profiles were classified as strong scintillating events resulting from plasma bubbles. Thus, around 1.2 % profiles were encountered globally, which included strong scintillation events, produced, as a result of EPBs.
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Our study exclusively focuses on scintillation events, which are primarily based on S4 index. We classify scintillations based on different values as presented in Table 1 . Hereafter S4max9sec index will be referred as S4 index. Within this work, S4
index values greater than 0.3 are used to quantify the strong scintillation events caused by plasma bubbles (Seif et al., 2017) .
S4 values scintillation category occurrence (2014)
S4 ≥ 1.0 high 0.02% 0.3 < S4 < 1 moderate 1.19 % S4 ≤ 0.3 low 98.79% Table 1 . Categorization of S4 index intensity.
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Results
The most comprehensive time series from FormoSat-3/COSMIC mission is exploited for the scientific study of plasma bubbles occurring in the equatorial region during 2008-2016. The advantage of using satellite based GPS-RO technique is that, it uniquely allows to quasi-vertically scan from the topside of the ionosphere to the bottomside and further down in the neutral atmosphere. Whereas other techniques such as satellite based in-situ measurements explore prevailing ionospheric condition 15 along its orbital track. Therefore by employing the GPS-RO technique, a distinct attempt was made to quantify the occur- rence of EPBs both globally and altitudinally based on amplitude scintillation index. In order to centralize this study on the equatorial region, the latitudinal extent is filtered for 50
• N/S. By doing this, polar scintillation events are excluded, thus focusing explicitly on the equatorial scintillation events. The EPBs identified in the following contour plots show low S4 values altogether, since they are derived as the mean on all RO S4 profiles. This further explains the influence of low scintillation category events, which are in high percentage as compared to moderate to high scintillation category as revealed in Table 1 .
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In the following sections, different visual contours as well as graphical representations will be introduced to envisage various plausible depictions of EPBs.
Global distribution of EPBs
From SNR, S4 index is derived along with its corresponding attributes for understanding the occurrence of plasma bubbles. By producing maps for global distribution based on grid resolution of 20
• in longitude and 5
• in latitude, the spatial characteristics 10 of the ionospheric irregularity is observed in Fig. 3 . By performing such analysis, different distinctive aspects in occurrences can be noticed. One such peculiarity that can be perceived is, that the EPBs invariably follows the course of geomagnetic equator. For a general description of occurrence of plasma bubbles along the geomagnetic equator, the reader can refer to Kil Atlantic anomaly region. One of the reason is the magnetospheric particle precipitation, which had a compelling effect on the equatorial electrodynamics related to plasma irregularities (Burke et al., 2004) . On the contrary, as we proceed towards the solar maximum years, the occurrence of EPBs seems to be dominant in the Atlantic-African sectors having strong magnitude.
The reason behind such occurrence is unclear, due to inadequate research in the past over the region. However it is likely 25 understood that either convection driven gravity waves or the localized charged dust particles arising from the dust storms which are prominent over the tropical region of Sahara desert could have a probable linkage to the occurrence of plasma irregularities over the Atlantic-African region (Yizengaw et al., 2011 (Yizengaw et al., , 2013 .
Local time occurrence
Different studies carried out related to plasma bubbles from ground as well as from in-situ measurements demonstrate the 30 occurrence of plasma bubbles post-sunset corresponding to its geographical local time (Woodman and La Hoz, 1976; Whalen, 1997; Sahai et al., 2000; Gentile et al., 2006) . Since the FormoSat-3/COSMIC satellites fly in non-sun synchronous orbits, it provides the possibility of analyzing plasma bubbles based on the local time. For manifestation, a contour representation of maximum year (2014), the magnitude of these events culminated around 21:00 LT as portrayed in Fig. 5 . Whereas during the solar minimum period (2009), the peak magnitude was found to occur around 22:00 LT identical to the results presented by Xiong et al. (2010) from CHAMP and GRACE in-situ measurements. Thus it is apparent that the events encountered using GPS-RO, fall in-line with the plasma bubble events discovered by previously used different probing techniques. White dashed line represent geomagnetic dip equator.
Region-wise seasonal dependence of EPBs
It is known from the previous section, that the global distribution of the EPBs is spread throughout the different regions of the Earth. In order to have in-detail categorical study, region-wise analysis was performed. The longitudinal extent, which includes America (110 
Altitude variations and solar cycle dependency
In the past, generous amount of research has been conducted in knowing different behavior and characteristics of equatorial plasma bubbles based on ground and in-situ measurements. However, the techniques were incompetent in providing a global altitude resolution. The GPS RO profiles proved favorable in complementing towards plasma irregularity research with a possibility of altitude extent globally. The global coverage combined with the high resolution from the GPS-RO provides 5 comprehensive view of EPBs. Figure 7 illustrates altitude variation of EPBs with respect to latitude on 15 km × 5
• grid resolution. The altitude (for the RO profile) is restricted between 150-600 km, since below 150 km lies the E-region and above 600 km, the data is noisy and difficult to extract. Interestingly, during the solar minimum year (2009), the strong scintillation events produced by plasma bubbles are contained between altitude range of 250-300 km. Whereas during the solar maximum, the peak magnitude is culminated between 350-400 km. Because of the quasi-vertical profiles retrieved from the GPS-RO , it 10 can be clearly seen with respect to altitude, that plasma bubbles undergo gradual uplift from solar minimum to solar maximum years. Previous studies with respect to solar cycle demonstrate that increased number of EPBs are detected during the maximum solar activity, whereas number of EPBs shows deterioration during solar minimum years (Xiong et al., 2010; Stolle et al., 2006; Burke et al., 2004) . But for the first time, GPS-RO technique was able to provide an insight into bubble variation with respect to altitude. It is understood from the plots, that the occurrence of the high scintillation events resulting from the plasma bubbles 15 displays contraction during solar minimum. Whereas, as we proceed towards solar maximum years, an increase in magnitude of high scintillation events is visible causing it to expand globally.
From the analyses performed in the previous sections, it is known, that the EPBs are highly influenced by the solar cycle. In order to ensure integrity, the high scintillation events are analyzed with the solar sunspot numbers. Figure 8 shows a comparison of solar cycle based on sunspot cycle (Fig. 8a ) and relative occurrence numbers of EPBs across different years (Fig. 8b) . 
Conclusions
In this paper, a nine-year comprehensive study of equatorial plasma bubbles is presented using GPS-RO measurements obtained resolution of EPB occurrence is presented. The study reveals the influence of solar cycle, which facilitates the contraction and expansion of plasma bubbles across the complete altitude range.
All in all, GPS-RO proves substantial in providing the climatology of the plasma bubbles phenomenon; but individually, it is not able to provide an introspection of the complete picture of plasma bubbles. This technique could be used as a complementary method along with the well established techniques to study this phenomenon comprehensively. The distinctive interest of 5 using datasets from GPS-RO technique that stands out against its peer techniques for investigating the ionosphere, is due to its high resolution vertical profiles. This allows to have a global perspective of EPB along with a better altitude resolution for investigating such kind of irregularities. 
